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We present a joint theoretical and experimental study of the oxygen K-edge spectra for LaFeO3
and homovalent Ni-substituted LaFeO3 (LaFe0.75Ni0.25O3), using first-principles simulations based
on density-functional theory with extended Hubbard functionals and x-ray absorption near edge
structure (XANES) measurements. Ground-state and excited-state XANES calculations employ
Hubbard on-site U and inter-site V parameters determined from first principles and the Lanczos re-
cursive method to obtain absorption cross sections, which allows for a reliable description of XANES
spectra in transition-metal compounds in a very broad energy range, with an accuracy comparable
to that of hybrid functionals but at a substantially lower cost. We show that standard gradient-
corrected exchange-correlation functionals fail in capturing accurately the electronic properties of
both materials. In particular, for LaFe0.75Ni0.25O3 they do not reproduce its semiconducting be-
havior and provide a poor description of the pre-edge features at the O K edge. The inclusion
of Hubbard interactions leads to a drastic improvement, accounting for the semiconducting ground
state of LaFe0.75Ni0.25O3 and for good agreement between calculated and measured XANES spectra.
We show that the partial substitution of Ni for Fe affects the conduction-band bottom by generating
a strongly hybridized O(2p)–Ni(3d) minority-spin empty electronic state. The present work, based
on a consistent correction of self-interaction errors, outlines the crucial role of extended Hubbard
functionals to describe the electronic structure of complex transition-metal oxides such as LaFeO3
and LaFe0.75Ni0.25O3 and paves the way to future studies on similar systems.
I. INTRODUCTION
Transition-metal (TM) oxides have been the subject
of extensive studies for more than 60 years due to the
variety of unique physical properties that are of great
scientific and technological interest, such as their use
as electrodes in energy converters (e.g. solid oxide fuel
cells and solid oxide electrolysis cells) [1], in energy stor-
∗ e-mail: iurii.timrov@epfl.ch
† e-mail: xyzhang@ysu.edu.cn
age [2, 3], spintronics [4], gas-sensing [5], and photo-
catalysis [6]. Among them, ABO3 perovskites have at-
tracted special attention: they can exhibit e.g. metal-
insulator phase transitions [7, 8], show interesting de-
fect chemistry [9, 10], or give rise to entire classes of
ferroelectric [11] and magnetoelectric multiferroic mate-
rials [12, 13]. Doping and substituting A and/or B sites
can lead to substantial changes in the physical and chem-
ical properties of these materials with controlled valence;
one example relevant to this work is that of the LaSrMn-
oxides and LaSrFe-oxides [14]. Obviously, both A- and
B-site substitutions add more complexity to the system,
and key issues are how the type and concentration of the
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2A- and/or B-site dopants can affect the crystallographic
or electronic structure, and, in turn, transport properties.
LaFeO3 (LFO) and its A- and/or B-site substituted
materials have attracted attention because of their high
conductivity at intermediate (400◦ – 600◦ C) tempera-
tures [15]. LFO belongs to the class of rare-earth or-
thoferrites: it is an antiferromagnetic (AFM) insulator
with a Ne´el temperature of TN = 750 K [16, 17] and
it has Fe3+ oxidation with a 3d5 high spin electronic
configuration t32ge
2
g (
6A1g) [14, 18]. Quite recently some
studies have focused on heterovalent A-site and homova-
lent B-site substitutions with the goal of relating var-
ious spectroscopic signatures with electrical conductiv-
ity [19–21]. Since it is of great importance to inves-
tigate the correlation between electronic structure and
electronic conductivity, a systematic study of the hole
doping states of La1−xSrxFe0.75Ni0.25O3−δ was carried
out by synchrotron x-ray spectroscopy and ligand-field
multiplet calculations [18–21], finding an exponential re-
lationship between conductivity and the relative spectral
weight for the hole states versus that of the hybridized
Fe(3d)–O(2p) states in the valence bands.
It is generally accepted that the heterovalent substitu-
tion of the A-site, namely La3+ by Sr2+, changes the 3d
electronic configuration of TMs (in this case, a change
in oxidation of Fe from 3+ to 4+), thereby providing
a substitution parameter to control the valency of TM
ions [22]. Moreover, such a substitution leads to the for-
mation of hole states above the valence band, which has a
substantial effect on the electronic transport properties.
Due to the formation of doped hole states, the lowest
energy charge excitation in the parent insulating oxides
of the late transition metals is thus proven to be of the
charge-transfer type [23]. Information on the electronic
structure of La1−xSrxFeO3 (LSFO) has been obtained us-
ing x-ray absorption near edge structure (XANES) spec-
troscopy [14], which is sensitive to the local environment
of the absorbing atom [24, 25]: the Fe(2p) spectrum of
LFO is consistent with a 3d5 (6A1g) ground state, with
a second component appearing in the Fe(2p) spectra at
higher Sr concentrations. Furthermore, the oxygen K-
edge spectra of LSFO show a strong pre-peak appearing
below the bottom of the conduction band of LFO due
to the hole doping. Thus, Sr substitutions create new
empty states (the so called “hole doped peak”) above
the top of the valence bands [21]. This finding was
confirmed by Chainani et al. [26], who also found that
substitution of Sr2+ in place of La3+ introduce holes
in the system and that the doped hole states have a
mixed Fe(3d)–O(2p) character. Wadati et al. [27] investi-
gated the composition-dependent electronic structure of
La0.6Sr0.4FeO3 epitaxial thin films by in-situ photoemis-
sion spectroscopy (PES) and XANES measurements, and
their band structure using angle-resolved photoemission
spectroscopy (ARPES); tight-binding band-structure cal-
culations with an empirical Hubbard U could reproduce
the overall behavior upon substitution, although they
failed in explaining the hole-induced states above the
Fermi energy [28]. The mechanism of A-site substitu-
tions is, thus, relatively well understood.
Another class of compounds in this family involves ho-
movalent substitutions at the B site [29–32]. In contrast
to the aforementioned A-site heterovalent substitution,
the effects on valence and conduction bands deriving from
the B-site homovalent substitution are less understood.
For example, Sarma et al. [29] investigated homovalent B-
site substitutions (with Mn, Fe and Co) for LaNiO3 using
XANES, and this study evidenced that B-site substitu-
tions lead to redistribution of empty states without cre-
ation of new ones, contrary to what happens in the case
of A-site substitutions. However, no specific explanation
about the atomistic origin of this empty state redistribu-
tion was given. More recently, Idrees et al. [32] investi-
gated LaFe1−xNixO3 (0 ≤ x ≤ 0.5) using XANES and
impedance spectroscopic techniques, and they concluded
that the lowest-energy empty states are of the Ni(3d)–
O(2p) hybridized character, but no theoretical confirma-
tion of such an analysis was given. Moreover, the B-site
homovalent substitution could lead also to redistribution
of occupied states, which could be probed by photoemis-
sion or x-ray emission spectroscopies. Therefore, theo-
retical and computational studies of LaFe1−xNixO3 are
highly desired in order to shed more light on our under-
standing of its electronic structure, XANES spectra, and
thus to understand better the redistribution of empty
and occupied states due to substitution of Ni for Fe.
First-principles simulations of the ground-state struc-
tural, magnetic, and electronic properties of TM com-
pounds (and ABO3 perovskites in particular) are chal-
lenging due to the simultaneous presence of itinerant
and localized electrons [33]. Density-functional the-
ory (DFT) [34, 35] with its standard local-density and
generalized-gradient approximations (LDA and GGA, re-
spectively) to the exchange-correlation functional is by
far the most widely used approach in condensed-matter
physics and materials science for simulations of a vast va-
riety of materials’ properties. Nevertheless, and notwith-
standing its numerous successes, it often fails to provide
accurate description of TM oxides, not only quantita-
tively but often even qualitatively (e.g., it predicts a
metallic instead of an insulating ground state in some
TM oxides [36]). The failure of “standard DFT” is
related first and foremost to very large self-interaction
errors [37, 38] for localized d and f electrons [39–41].
Various approaches exist to alleviate these errors from
DFT using (extended) Hubbard functionals (DFT+U
and DFT+U+V ) [42–46], hybrid functionals [47, 48],
or dynamical mean-field theory (DFT+DMFT) [49–52]
which also addresses this in its static limit. Each of these
methods presents advantages and disadvantages, but we
believe that for many materials’ properties DFT+U and
DFT+U+V provide the best compromise between com-
putational cost and accuracy. The main rationale behind
these methods is that the Hubbard term corrects selec-
tively self-interaction errors in localized electrons using
projections on the corresponding atomic manifolds, while
3itinerant electrons (s and p) are treated at the LDA or
GGA level. However, the values of the Hubbard parame-
ters, which determine the strength of the correction, are
unknown a priori. While empirical evaluations of U are
quite common, various methods exist to compute it from
first-principles [53–56], which render this method fully ab
initio. In particular, an extension to include the effects
of the inter-site V electronic interactions (DFT+U+V )
has been introduced quite recently [45], with the inter-
site term being crucial for the energetics of complex TM
oxides with covalent interactions (i.e., with significant hy-
bridization between, e.g., the d and p states of neighbor-
ing sites) [57, 58].
When a ground state of complex TM oxides is accu-
rately described using, e.g., one of the aforementioned
techniques, it is useful to perform spectroscopic investi-
gations in order to further gain valuable information on
various properties. In particular, the electronic struc-
ture can be investigated using x-ray absorption spec-
troscopy which involves the excitation of a core electron
to the conduction band, leaving a hole in the core level.
For delocalized edges, like K and L1, the description of
the excitation requires calculating the density of empty
states for a wide range of energies and, generally, in the
presence of a core hole. Despite the fact that many
techniques have been developed for modeling core-hole
spectroscopy – such as crystal-field multiplet theory [59],
real-space multiple scattering theory [60–63], real-space
finite differences [64], the DFT-based reciprocal-space
approach [65, 66], the DFT-based multiresolution ap-
proach [67], and the approach based on solution of the
Bethe-Salpeter equation of many-body perturbation the-
ory [68, 69] – not all of these are equally applicable to
the case of K and L1 edges, where the requirement of
describing a very large set of states in a broad energy
range eliminates the possibility of using either an effec-
tive Hamiltonian approach (such as crystal-field multi-
plet theory) or approaches that are computationally not
affordable. DFT-based techniques are then the method
of choice for the description of K and L1 edges; however,
as was discussed before, due to the large self-interactions
errors in standard functionals, conventional approaches
for TM oxides involve the use of DFT+U [55]; this has
provided in the past excellent results for the Ni K-edge
XANES spectra in NiO [70]. Nevertheless, in TM oxides
with strong covalent interactions, DFT+U may not be
sufficient and generalizations to include inter-site Hub-
bard interactions could be considered.
In this work we present a joint theoretical and ex-
perimental study of the oxygen K-edge spectra of LFO
and LaFe0.75Ni0.25O3 (LFNO); this corresponds to tran-
sitions from the O 1s core states to O unoccupied p
states. By extending the XANES approach of Ref. [70] to
a Hubbard-corrected approach that includes both on-site
(Hubbard U) and inter-site (Hubbard V ) electronic inter-
actions we explore the effects of a more explicit and accu-
rate account of these electronic interactions (and of the
consequent alleviation of the electronic self-interactions)
on the XANES spectra, whose quality is assessed by di-
rect comparison with spectroscopic data. The present
implementation of DFT+U+V allows for calculations of
XANES spectra in a broad energy range thanks to the use
of the Lanczos recursive method, which removes the need
of computing empty states which otherwise would be
needed when standard DFT-based techniques are used.
As it will be shown, the use of extended Hubbard func-
tionals allows us to refine some low-energy features in the
XANES spectra at a computational cost comparable to
standard DFT [58, 71], finding that the pre-peak in the
oxygen K-edge spectrum of LFNO is of mixed Ni(3d)–
O(2p) character, in agreement with experimental findings
of Refs. [21, 32]. Other parts of the spectra are instead
left substantially unchanged with respect to DFT+U .
The paper is organized as follows: In Sec. II we present
a description of the computational approach used and de-
tails of the simulations and measurements; in Sec. III A
we discuss the projected density of unoccupied states; in
Sec. III B we present a comparison of the calculated and
measured oxygen K-edge spectra of LFO and LFNO, and
finally in Sec. IV we provide our conclusions. The Ap-
pendix A contains additional information describing the
projected density of occupied states, and Appendix B
presents a discussion of the role of the Hubbard U cor-
rection for the La(4f) states.
II. METHODS
A. Computational approach
In this section we discuss the computational approach
which we develop and use to compute the XANES spec-
tra of LFO and LFNO using extended Hubbard function-
als. For the sake of simplicity, we present the equations
for norm-conserving pseudopotentials, but the general-
ization to ultrasoft pseudopotentials is straightforward
and would follow Refs. [70, 72].
According to Fermi’s golden rule, the x-ray absorption
cross section is defined as:
σ(ω) = 4pi2α0~ω
∑
f,k,σ
|〈ψσf,k|D|ψσi,k〉|2δ(εσf,k − εσi,k − ~ω) ,
(1)
where α0 is the fine-structure constant, ~ω is the photon
energy, k are the points in the Brillouin zone, σ is the
spin index, ψσi,k and ψ
σ
f,k are the wavefunctions of the
initial i and final f states, and εσi,k and ε
σ
f,k are their en-
ergies. The transition amplitudes between the initial and
final states are defined as matrix elements 〈ψσf,k|D|ψσi,k〉,
where D = e · r is the transition operator in the dipole
approximation with e and r being the polarization vector
of the photon beam and the electron position vector.
The cross section given by Eq. (1) can be evaluated ef-
ficiently as a continued fraction using a recursive Lanczos
method, avoiding the explicit calculation of unoccupied
states (as explained in Refs. [65, 66]).
4In the case of TM oxides, the self-interaction contri-
bution present in DFT with LDA or GGA functionals
tends to overdelocalize d and f electrons, with negative
consequences on the ground-state structural and elec-
tronic properties, and thus on the computed XANES
spectra. DFT+U and DFT+U+V aim to address this
problem [39–42, 44–46]. The main idea is to define the
total energy as
EDFT+U+V = EDFT + EU+V , (2)
where EDFT is the approximate DFT energy [con-
structed, e.g., within the local spin density approxima-
tion (LSDA) or the spin-polarized generalized gradient
approximation (σ-GGA)], while EU+V contains the dif-
ference between the Hubbard term and its mean-field ap-
proximation, subtracted to avoid the double-counting of
interactions already included in EDFT. In the present
work, this latter term is shaped according to the popular
fully localized limit [43, 44, 46]. At variance with the
simpler DFT+U approach, containing only on-site inter-
actions, DFT+U+V is based on the extended Hubbard
model including also inter-site interactions:
EU+V =
1
2
∑
I
∑
σmm′
U I
(
δmm′ − nIIσmm′
)
nIIσm′m
−1
2
∑
I
∗∑
J(J 6=I)
∑
σmm′
V IJnIJσmm′n
JIσ
m′m , (3)
where I and J are the atomic site indices, m and m′
are the magnetic quantum numbers associated with a
specific angular momentum, U I and V IJ are the on-site
and inter-site Hubbard parameters (U I ≡ V II), and the
star in the second sum in Eq. (3) means that for each
atom I the index J covers all its nearest neighbors up to
a given distance.
By taking a functional derivative of EDFT+U+V with
respect to the complex conjugate of Kohn-Sham wave-
functions, the Kohn-Sham equations including the Hub-
bard corrections are obtained:
Hˆσψσv,k = ε
σ
v,kψ
σ
v,k , (4)
where v is the electronic band index, and Hˆσ is the total
Hamiltonian of the unperturbed system. For the gener-
alized DFT+U+V functional one has
Hˆσ = HˆσDFT + Vˆ
σ
U + Vˆ
σ
V , (5)
where HˆσDFT is the DFT Hamiltonian, Vˆ
σ
U is the Hubbard
potential associated with the on-site correction
Vˆ σU =
∑
I
∑
mm′
U I
(
δmm′
2
− nIσmm′
)
|ϕIm〉〈ϕIm′ | , (6)
and Vˆ σV is the Hubbard potential associated with the
inter-site interactions between neighboring atoms
Vˆ σV = −
∑
I
∗∑
J(J 6=I)
∑
mm′
V IJnIJσmm′ |ϕIm〉〈ϕJm′ | , (7)
In Eqs. (6) and (7), ϕIm and ϕ
J
m′ are the localized orbitals,
and nIJσmm′ are the generalized atomic occupation matrices
nIJσmm′ =
∑
v,k
fσv,k〈ψσv,k|ϕJm′〉〈ϕIm|ψσv,k〉 , (8)
where fσv,k are the occupations of Kohn-Sham states. In
Eq. (6), nIσmm′ ≡ nIIσmm′ [73].
In DFT+U (and DFT+U+V ) the values of the Hub-
bard parameters are not known a priori, and often their
values are adjusted semiempirically, by matching the
value of properties of interest. This is fairly arbitrary,
and in addition it is often based on properties, such as
the band gap, that are outside the scope of even exact
DFT. In this work we instead determine Hubbard param-
eters from a generalized piece-wise linearity condition im-
plemented through linear-response theory [55], based on
density-functional perturbation theory (DFPT) [56, 72].
Within this framework the Hubbard parameters are the
elements of an effective interaction matrix computed as
the difference between bare and screened inverse suscep-
tibilities [55]:
U I =
(
χ−10 − χ−1
)
II
, (9)
V IJ =
(
χ−10 − χ−1
)
IJ
, (10)
where χ0 and χ are the susceptibilities which measure the
response of atomic occupations to shifts in the potential
acting on individual Hubbard manifolds. In particular,
χ is defined as χIJ =
∑
mσ
(
dnIσmm/dα
J
)
, where αJ is
the strength of the perturbation on the J th site. While
χ is evaluated at self-consistency (of the linear-response
Kohn-Sham calculation), χ0 (which has a similar defini-
tion) is computed before the self-consistent re-adjustment
of the Hartree and exchange-correlation potentials [55].
The main goal of the DFPT implementation is to recast
the response to such isolated perturbations in supercells
as a sum over a regular grid of Nq q points in the Bril-
louin zone [56]
dnIσmm′
dαJ
=
1
Nq
Nq∑
q
eiq·(Rl−Rl′ )∆s
′
q n
sσ
mm′ , (11)
in order to exploit the efficiency of DFPT (the monochro-
matic responses in Eq. (11) are calculated in the prim-
itive cell). In Eq. (11), the atomic indices have been
replaced by atomic (s and s′) and unit cell (l and l′)
labels [I ≡ (l, s) and J ≡ (l′, s′)]. Rl and Rl′ are the
Bravais lattice vectors and the grid of q points is chosen
fine enough to make the resulting atomic perturbations
effectively decoupled from their periodic replicas [56].
Since the ∆s
′
q n
sσ
mm′ are the lattice-periodic responses of
atomic occupations to a monochromatic perturbation of
wavevector q, they can be obtained by solving the DFPT
equations independently for every q [56, 72]; as men-
tioned before, this allows us to eliminate the need of su-
percells when computing U and V .
5FIG. 1. Crystal structure of (a) LaFeO3, and
(b) LaFe0.75Ni0.25O3. Both structures are of the G-type
AFM ordering (vertical arrows indicate the orientation of the
spin on each atom). Color code: La atoms (green), Fe atoms
(blue), Ni atoms (yellow), O atoms (red), blue and yellow
octahedra are centered on Fe and Ni atoms, respectively.
Figures were produced using the VESTA program [87].
B. Computational details
All calculations are performed using the open-source
Quantum ESPRESSO distribution [74–76], whose ex-
tended DFT+U+V implementation, employed in this
work, is now publicly available to the community at
large [77] and has been officially released with version 6.6
of the distribution [78]. Plane-wave basis sets and
the pseudopotential approximation are used [79]. We
have used σ-GGA for the exchange-correlation functional
constructed with the Perdew-Burke-Ernzerhof (PBE)
parametrization [80], and ultrasoft pseudopotentials from
the Pslibrary 0.3.1 and 1.0.0 [81, 82]. Kohn-Sham wave
functions and charge density are expanded in plane waves
up to a kinetic-energy cutoff of 60 and 480 Ry, respec-
tively; spin-orbit coupling is neglected.
According to the Rietveld analysis [83, 84] of the x-ray
diffractograms, both LFO and LFNO have orthorhom-
bic symmetry with space group Pnma (No. 62) [18].
We have used the experimental lattice parameters and
atomic positions for LFO and LFNO as measured in this
work [85]. LFO and LFNO have the G-type AFM con-
figuration below the Ne´el temperature, according to the
experimental results [16, 17] and calculations [86]; this is
confirmed by our calculations, and therefore we used this
magnetic ordering. The unit cells for ground-state calcu-
lations consist of 20 and 40 atoms for LFO and LFNO,
respectively, and are shown in Fig. 1. For LFNO this cell
contains two substitutional Ni impurities that are placed
at the maximum distance from one another.
Calculations of the Hubbard parameters (U and V ) are
performed using the HP code of Quantum ESPRESSO
which is based on DFPT [56, 72]. To construct the pro-
jectors on the Hubbard manifold we use orthogonalized
atomic orbitals [88, 89]. The Hubbard interaction param-
eters are computed in a self-consistent way, i.e., through
an iterative procedure that involves recomputing their
values from the Hubbard-corrected ground state until
they converge [57, 90, 91]. For LFO we used equal uni-
form 4× 4× 2 k and q points meshes, and for LFNO we
used 3 × 1 × 2, which allowed us to converge Hubbard
parameters U and V with the accuracy of about 0.01 eV.
The computed values of Hubbard parameters for LFO
and LFNO are listed in Table I. La sites have 4f and 5d
unoccupied states: we computed Hubbard U only for 4f
states, because their energy is inaccurate in LDA/GGA,
while we did not compute U for 5d states (current im-
plementation of the HP code does not allow us to use
the Hubbard correction for more than one manifold of
the same atom). Moreover, La(5d) states are not very
localized and hence the Hubbard U correction is likely
not so crucial [92]. As will be shown in Sec. III, the
use of the Hubbard U only on La(4f) states turns out
to be sufficient to explain the origin of all the peaks in
the XANES spectra of LFO and LFNO. The inter-site
Hubbard V between La(4f) and O(2p) was found to be
very small (< 0.1 eV); therefore, it was neglected in the
calculations. The projected density of states (PDOS) is
computed using uniform k points meshes (12 × 12 × 8
for LFO and 12 × 6 × 8 for LFNO) and by summing
over contributions from all sites; to plot the PDOS we
used a Gaussian function with a broadening parameter
of 0.02 Ry.
XANES calculations are performed using the XSpectra
code of Quantum ESPRESSO , which is based on the
evaluation of Eq. (1) in reciprocal space on top of DFT
(or DFT+U , or DFT+U+V ) results, using the Lanc-
zos recursive algorithm [65, 70]. We used an approx-
imation which consists of neglecting the core hole left
behind by the O(1s) electron promoted to the conduc-
tion manifold. This is known to be a good approxima-
tion for the O K-edge spectra of LaFeO3 [93] (in ad-
dition, our preliminary tests have shown that the effect
of the core hole is not crucial for the interpretation of
our experimental XANES spectra). All XANES spec-
tra are computed in the dipole approximation (i.e. by
neglecting a quadrupole and higher-order terms). The
XANES intensities are computed as a mean average over
three perpendicular polarizations of the photon beam
(i.e. along Cartesian axes x, y, z), which in turn are
computed for all inequivalent O atoms. To converge O
K-edge spectra we use the same uniform k points meshes
of the PDOS. The XANES spectral lines are convoluted
with a Lorentzian smearing function having an energy-
dependent broadening parameter [94], which starts from
0.16 eV (the linewidth for O(1s) [95]) and reaches a maxi-
mum value of 2.00 eV, with an arctan-type behavior and
inflection point at 12 eV above the top of the valence-
band maximum [94].
C. Experimental details
LFO and LFNO were prepared by conventional solid-
state reactions. The precursors La2O3 (> 99.99%),
6LaFeO3 LaFe0.75Ni0.25O3
UFe(3d) ULa(4f) VFe(3d)−O(2p) UFe(3d) ULa(4f) UNi(3d) VFe(3d)−O(2p) VNi(3d)−O(2p)
DFT+U 5.16 3.40 – 5.28/5.36 3.41 7.23 – –
DFT+U+V 5.54 3.22 0.77–0.78 5.73/5.82 3.26 7.65 0.63–0.99 0.67–0.98
TABLE I. Self-consistent Hubbard parameters (in eV) for LaFeO3 and LaFe0.75Ni0.25O3 computed using DFPT [56, 72] when
using pseudopotentials from the Pslibrary 0.3.1 and 1.0.0 [81, 82]. In the case of LaFe0.75Ni0.25O3 there are two inequivalent
Fe sites, thus two values of U for Fe(3d) are specified. For both materials, the inter-site V is specified as a range of values,
because there are various inequivalent pairs of neighbors.
Fe2O3 (> 99.0%), and NiO (99.8%) were mixed in stoi-
chiometric proportions, calcined at 1200 ◦C for 4 h and
then sintered at 1400 ◦C for 12 h with a heating and
cooling rate of 5 K/min for LFNO, and LFO was cal-
cined at 1200 ◦C for (4 h + 4 h) with the same heat-
ing and cooling rate. The x-ray powder diffractograms
of LFO and LFNO were collected with a Philips X’Pert
PRO-MPD diffractometer at ambient temperature (40
kV, 40 mA, Cu Kα λ = 1.5405 A˚) in steps of 0.02
◦ for
20◦ ≤ 2Θ ≤ 80◦. The oxygen deficiency δ of the samples
was obtained by thermogravimetry [20].
XANES spectra at 300 K were recorded at the Ad-
vanced Light Source in Berkeley, beamline 9.3.2, the end
station of which has an operating energy range 200–
1200 eV and an energy resolution of 1/10000. The
vacuum chamber base pressure was lower than 5 ×
10−10 Torr. Signal detection was made in total electron
yield mode. Powder samples were dispersed on conduct-
ing carbon tape and then mounted on a copper sample
holder. Oxygen K-edge spectra were recorded from 520
to 560 eV in steps of 0.1 eV. An arctan function, which
accounts for the absorption above the ionization thresh-
old, was subtracted from the experimental oxygen K-
edge spectrum; this allows for a more facile comparison
of experimental spectra with calculated ones.
III. RESULTS AND DISCUSSION
A. Electronic structure
The PDOS is the simplest approximation and a very
useful tool to interpret XANES spectra. Since XANES
probes empty states, and since the main goal of this
study is the interpretation of the XANES spectra of LFO
and LFNO, we will discuss only the projected density of
empty states, with the main focus on O(2p) states (see
Appendix A for the PDOS for occupied states).
In Table II we report the magnetic moments in LFO
and LFNO computed at different levels of theory, and
compare them with the available experimental data. It
can be seen that in the case of LFO the inclusion of
the Hubbard U (and V ) corrections increases the value
of the magnetic moment for Fe by about 10% with re-
spect to standard DFT, and thus the overall agreement
with the experimental magnetic moments of Refs. [96, 97]
LaFeO3 LaFe0.75Ni0.25O3
|m|Fe |m|Fe |m|Ni
DFT 3.77 3.53 0.30
DFT+U 4.14 4.08 1.87
DFT+U+V 4.10 4.05 1.86
Expt. 3.9 [96] N/A N/A
4.6± 0.2 [97]
TABLE II. Average total magnetic moments per element (in
µB) obtained using DFT, DFT+U , and DFT+U+V , and as
measured in experiments [96, 97]. “N/A” stands for “not
available”.
is improved. It is instructive to make a comparison
with DFT+U studies of Ref. [92] which were performed
by applying U only to La(4f) states and no U correc-
tion for Fe(3d) states. In Ref. [92] it was found that
DFT+U gives the magnetic moment of 3.54 µB, which is
in looser agreement with experiments than our DFT+U
and DFT+U+V results obtained with U also on Fe(3d)
states (see Table I). This observation is not surprising,
because neglecting U on Fe(3d) states does not make a
very big difference in the magnetization of the system
with the standard DFT, and application of the U cor-
rection only to La(4f) states does not influence notice-
ably the magnetic moments on Fe atoms. Furthermore,
the more advanced approach of Ref. [92], based on GW
calculations [98] performed on top of DFT+U , results
in a magnetic moment of 3.37 µB which further wors-
ens the agreement with the experimental values [96, 97].
Therefore, the application of the Hubbard U correction
to Fe(3d) states is important for the accurate description
of magnetic moments in LFO. In the case of LFNO, Hub-
bard U (and V ) corrections increase the value of magnetic
moment for Fe by about 15% with respect to standard
DFT. However, the magnetic moment for Ni in LFNO is
increased by a factor of ≈ 6 due to the inclusion of Hub-
bard corrections, which highlights the crucial role of the
Hubbard U correction for Ni(3d) states. To the best of
our knowledge, there are no experimental data for mag-
netic moments in LFNO, therefore we cannot validate
the accuracy of our DFT+U and DFT+U+V magnetic
moments in this material. Last, the differences between
DFT+U and DFT+U+V results for magnetic moments
in LFO and LFNO are very small, meaning that the in-
clusion of inter-site Hubbard interactions does not change
7significantly the magnetic moments with respect to the
DFT+U case.
The band gaps of LFO and LFNO are reported in Ta-
ble III. A detailed discussion about the band gaps for
each system will be given in the following. But we want
to stress at this point that the goal of this work is not
to obtain very accurate band gaps [99], but to interpret
XANES experiments based on the analysis of the PDOS
and simulated XANES spectra.
DFT DFT+U DFT+U+V Expt.
LaFeO3 0.65 2.69 2.96 2.1
LaFe0.75Ni0.25O3 0.00 0.56 1.00 N/A
TABLE III. Energy band gaps (in eV) computed for LaFeO3
and LaFe0.75Ni0.25O3 using DFT, DFT+U , and DFT+U+V ,
and compared with the experimental value from Ref. [100].
These band gaps cannot be easily seen in Fig. 2 due to the
large broadening parameter used to smooth the PDOS (for
the sake of easier comparison with the experimental XANES
spectra). “N/A” stands for “not available”.
1. LaFeO3
In the case of LFO at the DFT level [see Fig. 2 (a),
top panel], the band gap is underestimated roughly by a
factor of 3 with respect to the experimental value (see
Table III). As can be seen in Fig. 2 (a) (top panel),
the first and second peaks in the PDOS for O(2p) ap-
pear at 0.8 and 2.5 eV, respectively, and they originate
from hybridization with Fe(3d) minority spin states. The
two peaks for Fe(3d) minority spin states (which are t2g
and eg) are due to the crystal-field splitting and the ex-
change splitting (the latter being much larger than the
former) [101], and hence the O(2p) PDOS also reflects
these two peaks due to the hybridization effects, in agree-
ment with previous calculations [102]. Since Fe(3d) states
are overdelocalized in standard DFT, their position [and
hence the position of the first two peaks for O(2p) states]
with respect to the valence band maximum turns out to
be inaccurate. The third peak in the PDOS for O(2p) ap-
pears at 3.5 eV and it overlaps in energy with La(5d) and
mainly with La(4f) states, which means that these states
hybridize. The broad structure in the range from 4.1 to
7.7 eV of the PDOS for O(2p) follows closely the profile
of the PDOS for La(5d), which is again a signature of
their hybridization. Finally, the remaining peaks in the
PDOS for O(2p) in the range from 7.7 eV upwards cor-
respond to the hybridization between O(2p) states with
Fe(4s), Fe(4p), La(6s), and La(6p) (not shown).
Application of the Hubbard U correction to Fe(3d) and
La(4f) states [see Eq. (6) and Table I] changes signifi-
cantly the electronic structure of LFO. In particular, the
band gap at the DFT+U level becomes in much better
agreement with the experimental value (see Table III),
though now it is overestimated by 28%. Note that ne-
glecting the Hubbard U correction for Fe(3d) states, as
was done in DFT+U studies of Ref. [92], does not im-
prove the band gap and it was found to be only 0.10 eV
(this surprisingly low value is even much smaller than our
standard DFT result of 0.65 eV). Instead, the GW calcu-
lations on top of DFT+U of Ref. [92] give the band gap
of 1.78 eV, which underestimates the experimental value
by 15%. As to what concerns the PDOS, as can be seen
in Fig. 2 (a) (middle panel), Fe(3d) minority spin states
are pushed up in energy when applying the Hubbard U
correction to Fe(3d) states (and, moreover, the t2g and eg
peaks approach each other), and hence the lowest O(2p)
states are also blueshifted. Importantly, the La(4f) peak
is also shifted up in energy due to the Hubbard U correc-
tion for these states (see Table I), and now it overlaps in
energy with La(5d) states, in agreement with calculations
of Ref. [93]. Instead, in Ref. [92] the La(4f) states appear
at too high energies (above 10 eV) both at the DFT+U
and GW on top of DFT+U levels of theory, which is
due to the application of a too large value of U to these
states (7.5 eV). As will be discussed in Sec. III B, our sim-
ulated XANES spectra at the DFT+U level reproduce
fairly well the broad feature (in the range 533–539 eV)
in the spectrum originating from the hybridized La(4f)
and La(5d) states, suggesting that our ab initio predicted
position of La(4f) states is sound. The correct shift of
La(4f) states is crucial for the correct interpretation of
the XANES spectra, as will be shown in Sec. III B (see
also Appendix B for the PDOS when there is no Hubbard
U correction for La(4f) states). Thus, compared to stan-
dard DFT, the PDOS for O(2p) in DFT+U can be di-
vided into three regions: i) a double-peaked structure due
to the overlap with Fe(3d) states, ii) a broad structure
due to the hybridization with La(5d) and La(4f) states,
and iii) an extended structure due to the hybridization
with Fe(4s), Fe(4p), La(6s), and La(6p) states.
The inclusion of the inter-site interactions between
Fe(3d) and O(2p) states via the Hubbard V correction
[see Eq. (7) and Table I] leads to quantitative changes
for the lowest energy empty states. The band gap at the
DFT+U+V level is increased even further with respect
to DFT+U (see Table III), and now it overestimates the
experimental value by 40% [99]. This latter aspect would
need a deeper analysis, which is though not among the
objectives of this study. As can be seen in Fig. 2 (a)
(bottom panel), the PDOS for O(2p) is modified only
slightly. It is important to note that not only did we
apply inter-site Hubbard V between Fe(3d) and O(2p)
states, but also the on-site Hubbard U on Fe(3d) and
La(4f) are changed by about 0.4 eV and 0.2 eV, respec-
tively, with respect to the DFT+U case: thus the quan-
titative changes in the PDOS are a combined effect of
renormalized U and a finite value of V .
Therefore, in the case of LFO, while the main effect of
improving the electronic structure comes from the Hub-
bard U correction applied to Fe(3d) and La(4f) states,
the inter-site Hubbard V interactions between Fe(3d) and
8O(2p) states lead to relatively small changes in the low-
est empty states. However, for the sake of completeness,
in Sec. III B we will present the XANES spectra of LFO
computed both on top of DFT+U and DFT+U+V .
2. LaFe0.75Ni0.25O3
LFNO at the DFT level turns out to be metallic, in
contradiction to the experimental observation of a semi-
conducting behavior [20, 32]. This failure of standard
DFT is due to the same reason which was mentioned
for LFO in Sec. III A 1, i.e. overdelocalization of Fe(3d)
states, but now also overdelocalization of Ni(3d) states,
which both are responsible for the fake metallicity of
LFNO. As can be seen in Fig. 2 (b) (top panel), the
first peak in the PDOS for O(2p) appears at 0.5 eV and
it comes from the hybridization with Ni(3d) minority
spin states and with Fe(3d) minority spin states, with
the latter having much larger intensity (by more than
by a factor of 5). Smaller intensity peaks in the PDOS
for O(2p) appear at 1.8 and 2.6 eV, and they originate
purely from the hybridization with Fe(3d) minority spin
states. The peak at 3.2 eV is hybridized with La(5d) and
mainly La(4f), peaks in the range from 3.8 to 7.3 eV are
hybridized with La(5d) states, and finally peaks in the
range from 7.3 eV upwards are due to the hybridization
with Fe(4s), Fe(4p), Ni(4s), Ni(4p), La(6s), and La(6p)
(not shown).
The application of the Hubbard U correction [see
Eq. (6) and Table I] to Fe(3d), Ni(3d), and La(4f) states
leads to the opening of a band gap of 0.56 eV (see Ta-
ble III), which is now in agreement with the observed
semiconducting behavior of LFNO. As can be seen in
Fig. 2 (b) (middle panel), the first peak in the PDOS
for O(2p) appears at 0.86 eV and it originates from hy-
bridization uniquely with Ni(3d) minority spin states.
The second peak in the PDOS for O(2p) has a maximum
at 2.6 eV, and it has a weak shoulder around 2.1 eV.
It is important to mention that the PDOSs for Fe(3d)
and Ni(3d) minority spin states both have a double-peak
structure, which is due to the t2g − eg splitting; one in-
tense Fe(3d) peak and one intense Ni(3d) peak hybridize
with O(2p) and hence responsible for a peak at 2.6 eV
with a shoulder at 2.1 eV (see Fig. 2 (b), middle panel).
The next peak in the PDOS for O(2p) has a maximum
at 3.6 eV and it originates from a hybridization with the
Fe(3d) minority spin states. The broad structure in the
PDOS of O(2p) in the range from 4.1 to 8.0 eV originates
from a hybridization with La(5d) and La(4f) states, and
higher energy peaks have the same origin as was con-
cluded at the level of standard DFT. Similarly to LFO,
the blueshift of the La(4f) states due to the Hubbard U
correction turns out to be large and important, as now
the first three peaks in the PDOS of O(2p) are purely
due to the hybridization with Ni(3d) and Fe(3d) minor-
ity spin states with no contribution from La(4f) states
(see Appendix B for the PDOS when there is no Hubbard
U correction for La(4f) states). Finally, all the remain-
ing high-energy peaks in the PDOS for O(2p) have the
same origin as was described at the DFT level above,
with the difference that these structures are blueshifted.
Inclusion of the inter-site interaction between Fe(3d)
and O(2p) states and between Ni(3d) and O(2p) states
via the Hubbard V correction [see Eq. (7) and Table I]
leads to quantitative changes for the PDOS, with a
stronger effect than was observed for LFO in Sec. III A 1.
The band gap at the DFT+U+V level is increased with
respect to DFT+U by almost a factor of 2 (see Table III).
Unfortunately, to the best of our knowledge, no experi-
mental measurement of this quantity exists for LFNO, so
the relevance of our results cannot be assessed. The first
peak in the PDOS for O(2p) is still due to the hybridiza-
tion uniquely with Ni(3d) minority spin states, but now
this peak appears at 1.3 eV. The next peak, which at the
DFT+U level was considered to be a peak with a shoul-
der, is now split into two clear peaks appearing at 2.1 and
2.9 eV: the former is hybridized with Ni(3d) minority spin
states, while the latter is hybridized with Fe(3d) minority
spin states of larger intensity. The peak at 4.0 eV in the
PDOS for O(2p) is hybridized with Fe(3d) minority spin
states. There are also some changes in the range from
4.0 to 6.0 eV: the PDOS of O(2p) is more plateau-like
with respect to the DFT+U case. All the subsequent
peaks remain little affected by switching from DFT+U
to DFT+U+V : they only experience a blueshift, but the
shape remains the same.
3. Effect of homovalent substitution of 25% of Fe atoms by
Ni atoms
As can be seen in Fig. 2, already at the DFT+U level
one can make meaningful conclusions about the effect
of homovalent substitution of 25% of Fe atoms by Ni
atoms. The first new feature in the PDOS for O(2p)
of LFNO with respect to LFO is that the former con-
tains an extra peak due to the hybridization between
O(2p) states and Ni(3d) minority spin states (the low-
est energy peak). These Ni(3d) minority spin states ap-
pear in the band gap of LFO, and hence the resulting
LFNO structure has a band gap which is smaller than
the gap of LFO roughly by a factor of 3–5, according to
our DFT+U and DFT+U+V calculations. The second
difference between the PDOS for O(2p) between LFNO
and LFO is that for the former the nature of the second
structure in the PDOS is of a mixed character, namely, it
originates not only from the hybridization between O(2p)
states and Fe(3d) minority spin states, but also due to the
hybridization between O(2p) states and Ni(3d) minority
spin states. The latter hybridization effect [i.e. between
O(2p) and Ni(3d)] manifests itself either as a shoulder
or a clear peak in the PDOS for O(2p), depending on
whether DFT+U or DFT+U+V is used. Thus, there is
delicate sensitivity of the second structure in the PDOS
of LFNO to the inter-site interactions. Finally, the peak
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FIG. 2. Projected density of empty states computed using DFT, DFT+U , and DFT+U+V for (a) LaFeO3, and
(b) LaFe0.75Ni0.25O3, using Hubbard parameters listed in Table I. The zero of energy corresponds to the valence band maximum
(or Fermi energy in the case of LaFe0.75Ni0.25O3 at the DFT level of theory, which comes out to be metallic). The PDOSs for
O(2p) and Ni(3d) states are multiplied by a factor of 5 for easier comparison with other PDOS components; the PDOSs for
Fe(3d) and Ni(3d) states show only the minority spin components on all panels since the majority spin components correspond
to occupied states (see Appendix A). Comparison between the experimental and theoretical oxygen K-edge XANES spectra
of (c) LaFeO3, and (d) LaFe0.75Ni0.25O3. The energy scales for the experimental spectra of LFO and LFNO are aligned (by a
rigid shift) in order to facilitate the comparison. PDOS and XANES spectra are shifted vertically for clarity.
at around 4 eV is due to the hybridization between O(2p)
and Fe(3d) minority spin states: this peaks is observed in
both LFNO and LFO. Interestingly, in LFNO the split-
ting of Fe(3d) states at the DFT+U and DFT+U+V lev-
els of theory is larger than in LFO: this is a consequence
of changes in the crystal-field and exchange splittings un-
der the substitution of 25% of Fe atoms by Ni atoms.
B. Oxygen K-edge spectra
XANES spectra provide useful information about un-
occupied states. In this section we discuss the O K-
edge XANES spectra of LFO and LFNO as measured
in our experiments and as computed using the approach
described in Sec. II A. These spectra originate from the
transition of an O(1s) electron to unoccupied p states of
O (due to dipole selection rules). The interpretation of
all features in the XANES spectra will be made based on
the results of the PDOS of Sec. III A.
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It is important to make a comment about the align-
ment of the simulated XANES spectra for LFO and
LFNO. Inequivalent O atoms can have different core level
shifts, which may affect simulated spectra. There are
standard procedures to align spectra by taking into ac-
count such core level shifts [103, 104]. We have evaluated
the core level shifts using a 3 × 3 × 2 supercell for LFO
and found that differences between core level shifts for
inequivalent O atoms are smaller than 0.02 eV. Hence,
core level shifts were neglected for both LFO and LFNO.
Moreover, simulated XANES spectra at different levels
of theory were aligned using the procedure described in
Refs. [103, 104].
1. LaFeO3
The computed and measured O K-edge spectra of LFO
are shown in Fig. 2 (c). The experimental spectrum is
in good agreement with previous measurements [14, 29,
93, 105, 106], and it consists of several structures which
can be divided into three regions: i) the first two peaks
[labeled as 1 and 2] appearing in the range from 529
to 533 eV, ii) a broad structure in the range from 533
to 539 eV, and iii) an extended structure in the range
from 539 eV upwards. On the other hand, the theoretical
spectrum of LFO depends strongly on the level of theory
which is used, and this will be discussed in detail in the
following. By comparing Figs. 2 (a) and 2 (c) it is easy
to see that the computed O K-edge spectra follow very
closely the PDOS for O(2p) at all levels of theory. There-
fore, all the discussions about the origin of the peaks in
the PDOS for O(2p) is valid here for the interpretation
of the origin of peaks in the O K-edge spectrum of LFO.
From Fig. 2 (c) we can see that the XANES spectrum
computed using standard DFT is already in quite good
agreement with the experiment, however there are some
serious drawbacks. More specifically, the first two peaks
in XANES from DFT correspond to the experimental
peaks 1 and 2, which originate from the hybridization
with Fe(3d) minority spin states. The splitting between
these two O(2p) peaks is 1.48 eV in the experiment of
this study (1.2 eV [14], 1.6 eV [29], 1.4 eV [105]), while
from DFT we obtain 1.64 eV, which is in fairly good
agreement with the experiments. As for what concerns
the relative intensities of these two peaks, there is no
general consensus between the experiments: while in our
experimental spectrum the peak 2 has a slightly lower in-
tensity than the peak 1, in Refs. [93, 106] the peak 2 has
a much lower intensity than the peak 1, in Refs. [29, 105]
the intensities are approximately equal, and in Ref. [14]
the peak 2 has a larger intensity than the peak 1. Per-
haps such variations in the intensities could be related to
the nonstoichiometry of the samples [101]. Our XANES
spectrum from DFT shows that the peak 2 has a lower
intensity than the peak 1, hence qualitatively in agree-
ment with our measurements and with Refs. [93, 106].
However, the major problem of XANES from DFT is the
third peak [appearing at 532.6 eV in Fig. 2 (c)], which is
not observed in the experiment. In fact, this peak comes
mainly from the hybridization between O(2p) and La(4f)
states [see Fig. 2 (a), top panel], and is thus sensitive to
the misplacement of the latters caused by approximate
exchange-correlation functionals. The small feature in
the experimental spectrum around 532.6 eV is a noise
or a consequence of the not perfect stoichiometry of our
samples; in Refs. [14, 29, 93, 105, 106] no such a fea-
ture was observed. Therefore, the spurious peak in our
XANES simulations on top of DFT at 532.6 eV should
not be attributed by any means to this small experimen-
tal artifact. The broad structure in XANES from DFT
in the range from 533 to 537 eV is in fairly good agree-
ment with the experiment, however the full width at half
maximum (FWHM) of this structure is underestimated.
Finally, the extended structure in the range from 539 eV
upwards is also quite well reproduced in our simulations;
however the relative intensities of the peaks in this struc-
ture are not the same as in the experiment.
Application of the Hubbard U correction to Fe(3d) and
La(4f) states alters significantly the XANES spectrum of
LFO. As was discussed in Sec. III A 1, the PDOS of O(2p)
states changed largely due to the shift in energy of the
Fe(3d) and La(4f) states. The changes in the spectrum
due to such corrections improve (but not everywhere) the
consistence between experiment and theory. Namely, the
application of the Hubbard U correction to Fe(3d) states
does not in every aspect improve the results, because now
the splitting between the t2g and eg states is much smaller
than in DFT, and consequently the distance between the
first two peaks in the O K-edge is only 0.56 eV, which
is underestimated by a factor of 2-3 with respect to ex-
periments. Such a large underestimation of the splitting
between first two peaks is responsible for the large red-
shifting of all the following peaks with respect to the ex-
perimental spectrum. Moreover, the relative intensities
of these two peaks have also changed, and now the peak 2
is slightly more intense than the peak 1. It is worth
noting that our preliminary results for XANES spectra
including the core hole on O(1s) have shown that the
latter does not explain the underestimation of the split-
ting between the first two peaks observed in our DFT+U
studies. On the other hand, in the DFT+U study of
Ref. [106] the t2g–eg splitting in Fe is about 1 eV, which
is due to the smaller value of the Hubbard U for Fe(3d)
states and other technical details. Instead, in Ref. [92]
the Hubbard U correction for Fe(3d) states was fully ne-
glected in DFT+U calculations followed by GW calcu-
lations, leading to the t2g–eg splitting of about 1.5 eV,
though the peak 1 was found to be far too intense with
respect to the peak 2 (see Fig. 4 (b) in Ref. [92]). Thus,
our ab initio value of U = 5.16 eV for Fe(3d) states turns
out to be too large for the description of the splitting of
Fe(3d) states and consequently the splitting of the first
two peaks in the O K-edge spectrum, while it is appro-
priate for the description of, e.g., magnetic moments (see
Sec. III A 1). In the current study we are thus not able to
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describe accurately all the properties simultaneously: the
energetics of valence electrons, magnetic moments, band
gaps, and the position of empty electronic states with
DFT+U with a global U parameter. Therefore, gener-
alizations beyond the standard DFT+U scheme which
is used in this work [44] are needed, e.g. by using m-
resolved U (to have distinct corrections for t2g and eg
states) and/or frequency-dependent extensions. Despite
this observation, there is a positive effect from the ap-
plication of the Hubbard U correction to La(4f) states
which are pushed up in energy and hence overlap with
La(5d) states, as was discussed in Sec. III A 1. Thanks to
this, there is no longer the spurious peak of the DFT case,
instead there is a broader structure in the range from
532 to 536 eV, which is in better agreement with the
experimental XANES. As was pointed out above, such
a broad structure overall has redshifted with respect to
the DFT one, thus worsening slightly the agreement with
the experiment. As shown in Appendix B, the neglect of
Hubbard U on La(4f) states has a dramatic effect on
the resulting XANES spectra: the comparison with the
experiment is misleading and the interpretation of the
origin of the peaks is confusing even at the DFT+U level
with U only on Fe(3d) states.
It turns out that inter-site Hubbard V interactions
between Fe(3d) and O(2p) states change only slightly
the XANES spectrum, in agreement with the findings in
Sec. III A 1. The only change with respect to the DFT+U
case is a further redshift of the broad structure which
comes after the peaks 1 and 2. This suggests that the
Hubbard V corrections in LFO are not crucial, and hence
DFT+U is responsible for the main effect. However, this
is likely not a general trend of ABO3 pristine perovskites,
and hence the effect of inter-site V on XANES spectra
should be carefully investigated case-by-case, paying spe-
cial attention to the covalency of the system under study.
2. LaFe0.75Ni0.25O3
The computed and measured O K-edge spectra of
LFNO are shown in Fig. 2 (d). The experimental
spectrum is in good agreement with measurements for
LaFe0.7Ni0.3O3 [29], and it consists of several structures
which can be divided into three regions (similarly to
LFO): i) the first three peaks [labeled as 1′, 1, and 2]
appearing in the range from 528 to 533 eV, ii) a broad
structure in the range from 533 to 538 eV, and iii) an ex-
tended structure in the range from 538 eV upwards. The
experimental spectrum of LFNO resembles closely the
one of LFO, but of course there are important differences.
In particular, there is a new pre-peak (peak 1′), and the
intensities of peaks 1 and 2 are reduced in LFNO with
respect to LFO, while the other structures in the spectra
of these two materials are essentially the same. On the
other hand, the theoretical spectrum of LFNO depends
strongly on the level of theory which is used, similarly to
LFO, and this will be discussed in detail in the following.
By comparing Fig. 2 (b) with Fig. 2 (d) we can easily see
that the computed O K-edge spectra follow very closely
the PDOS for O(2p) at all levels of theory. Therefore,
all the discussions about the origin of the peaks in the
PDOS for O(2p) is valid here for the interpretation of the
origin of peaks in the O K-edge spectrum of LFNO.
At the DFT level, there is seemingly quite good agree-
ment between theory and experiment, apart from a too
large intensity of the peak 1′. However, we stress that
this is only a misleading impression, because LFNO is
metallic at the DFT level [see Fig. 2 (b), top panel]. In
practice, to plot the XANES spectrum at the DFT level,
we cut off the occupied states and applied a smearing
to smoothen the spectrum, which then looks outwardly
quite good. But in reality the peak 1′ in DFT is com-
pletely wrong. In fact, based on the results of Sec. III A 2,
the “fake” peak 1′ originates from hybridizations between
O(2p) states with mainly Fe(3d) and to a much smaller
extent with Ni(3d) minority spin states, which both con-
tribute to the density of states at the Fermi level. For
the same reason the attribution of the peaks 1 and 2 in
the XANES from DFT to the peaks 1 and 2 in the ex-
perimental XANES of LFNO is also very problematic.
For example, the peak 1 from DFT turns out to be due
to the hybridization between O(2p) and Fe(3d) minority
spin states, which is true only partially (as will be seen in
the following). Peak 2 from DFT is instead completely
wrong, as it is seemingly due to mainly the hybridization
between O(2p) and La(4f) states. This is not surprising
because already in LFO we saw that La(4f) states create
serious problems at the DFT level. The broad structure
in XANES from DFT in the range from 532 to 536 eV
is due to the hybridization between O(2p) and La(5d),
as was shown in Sec. III A 2, which is also partially cor-
rect (as will be shown in the following, La(4f) states
also appear in this energy range). However, the posi-
tion, shape, and FWHM of this structure at the DFT
level is quantitatively not perfect. Finally, the extended
structure from 538 eV upwards in DFT corresponds to
the extended structure in experimental XANES, and its
origin was discussed in Sec. III A 2.
Application of the Hubbard U correction to Fe(3d),
Ni(3d), and La(4f) states changes significantly the
XANES spectrum of LFNO. As was discussed in
Sec. III A 2, the PDOS of O(2p) states changed largely
due to the shift in energy of the Fe(3d), Ni(3d), and
La(4f) states. Therefore, we want to stress that thanks
to the inclusion of the Hubbard U corrections for Fe(3d)
and Ni(3d) states the system goes from metal to semi-
conductor, which highlights the crucial role of Hubbard
corrections for these states and which thus need to be
included in simulations of the XANES spectra of LFNO.
In DFT+U , the peak 1′ originates from the hybridization
between O(2p) states and Ni(3d) minority spin states.
This is not surprising, because in LFO there are no Ni
atoms and hence no a pre-peak. Peak 1 is due to the
hybridization of O(2p) states with Fe(3d) and Ni(3d) mi-
nority spin states (this peak has a maximum at higher
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energies and a small shoulder at smaller energies), and
peak 2 is due to the hybridization with Fe(3d) minority
spin states only, as was discussed in Sec. III A 2. There-
fore, the shift of La(4f) states due to the Hubbard U
correction turns out to be very important, similarly to
the case of LFO (see Appendix B for the case when the
Hubbard U correction is not applied to La(4f) states).
Thus, qualitatively XANES from DFT+U reproduces the
peaks 1′, 1, and 2, but the relative intensities of these
peaks and the positions of peaks 1 and 2 do not match
exactly those in the experimental spectrum. The broad
structure in the range from 532 to 536 eV has slightly
changed its shape (due to the overlap in energy of La(4f)
and La(5d) states) and slightly blueshifted, and the ex-
tended structure in the range from 538 eV upwards does
not show any significant changes with respect to the stan-
dard DFT case.
Finally, at the DFT+U+V level the agreement be-
tween the computed XANES spectrum and the exper-
imental one is also qualitatively fairly good (similarly to
DFT+U). The main difference with respect to DFT+U
is that the peak 1 is split into two peaks, as was also
observed in the PDOS for LFNO [see Fig. 2 (b)]. Such
a splitting is due to the slightly larger energy separation
between Ni(3d) and Fe(3d) minority spin states, which
occurs due to the inclusion of the Hubbard V interac-
tions of these states with O(2p) states and slight changes
in the values of U (see Table I). Peak 2 has a larger over-
lap with the broad structure which appears at larger en-
ergies due to the redshift of the latter after the inclusion
of Hubbard V . Such a redshift of the broad structure
after the peak 2 worsens the agreement with the experi-
ment. Importantly, the relative intensities of the peaks 1
and 2 are in closer agreement with the experiment at the
DFT+U+V level than at the DFT+U one.
Overall, our simulations at the DFT+U+V level cap-
ture the main features in the XANES spectrum of LFNO
and allow us to interpret the origin of all peaks. In partic-
ular, our calculations show that the replacement of 25%
of Fe with Ni leads to a change of character of the bottom
of the low-energy conduction bands, as in the Ni-doped
material it is formed by hybridized O(2p)–Ni(3d) minor-
ity spin states (which confirms the conclusions made in
Ref. [32] that are purely based on experimental findings)
– an effect completely missing in simulations performed
using standard gradient-corrected functionals.
IV. CONCLUSIONS
We have presented a joint theoretical and experimental
study of the O K-edge spectra of LFO and LFNO using
XANES measurements and comparing it with DFT cal-
culations using extended Hubbard functionals. Thanks
to the inclusion of the on-site U and inter-site V Hubbard
corrections, which were determined from first-principles
(no adjustable or fitting parameters), we were able to
accurately attribute the origin of all pre-edge peaks mea-
sured in the O K-edge XANES spectra of LFO and
LFNO.
From a methodological point of view, we generalized
the method of Ref. [70] to the case of extended Hubbard
functionals, i.e. the DFT+U+V approach. The inclusion
of both on-site and inter-site Hubbard interactions allows
us to obtain an accuracy for the low-energy features of
XANES spectra comparable to that of hybrid functionals
but at substantially lower computational cost [58, 71].
We demonstrated that the application of the on-site
Hubbard U correction to Fe(3d), Ni(3d), and La(4f)
states and inter-site V corrections between these states
and O(2p) improves the description of the electronic
structure of LFO and LFNO with respect to gradient-
corrected functionals. In particular, we found that the O
K-edge pre-peak (peak 1′) in LFNO measures the con-
duction band bottom and it is due to the hybridization
between O(2p) states and Ni(3d) minority spin states.
Remarkably, the use of gradient-corrected functionals
with no Hubbard corrections fails in reproducing both
the semiconducting character of Ni-substituted LFO and
the pre-edge features of O K-edge XANES spectra.
Our work outlines the crucial role of Hubbard inter-
actions to describe the electronic structure of complex
transition-metal oxides and suggests that further devel-
opments of extended Hubbard functionals, such as gener-
alization to m-dependent Hubbard interactions and, pos-
sibly, inclusion of dynamical effects, could lead to even
more accurate modeling of spectroscopic properties of
TM oxides. The XANES simulation method based on
DFT+U+V is now publicly available to the community
at large [77, 78]. It would be interesting to see other stud-
ies on the influence of inter-site Hubbard V corrections
on other classes of complex materials by employing the
tool presented here and comparing with XANES spectra,
and how these translate in differences in the functionality
of devices.
In the particular case considered here, experiments do
not allow us to quantitatively discriminate between the
results with the on-site term alone or both on-site and
inter-site terms. Still, there is a non-negligible effect of
the latter inter-site Hubbard terms both on the ground-
state properties (electronic band gap) and on the XANES
spectral shape, with reasonable trends. This shows that
the proposed theoretical approach is ready to be applied
for interpretations of future, accurate spectroscopy ex-
periments on complex TM compounds. Finally, the influ-
ence of inter-site Hubbard interactions on XANES spec-
tra is expected to be even of greater importance in mixed-
valence TM compounds [57]. In many of these systems
the on-site Hubbard U correction alone fails to accurately
predict the electronic occupations and energies when TM
elements with different oxidation states are present simul-
taneously, and where inter-site V is truly fundamental to
restore the correct balance between localization of states
and their hybridization. Moreover, whenever perovskite
materials contain oxygen vacancies or defects, once again
inter-site Hubbard interactions are absolutely necessary
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(a) (b)
FIG. 3. Projected density of occupied states computed using DFT, DFT+U , and DFT+U+V for (a) LaFeO3 and
(b) LaFe0.75Ni0.25O3, using Hubbard parameters listed in Table I. The zero of energy corresponds to the valence band max-
imum (or Fermi energy in the case of LaFe0.75Ni0.25O3 at the DFT level of theory, which comes out to be metallic). PDOS
components were shifted vertically for the sake of clarity. The PDOSs for Fe(3d) and Ni(3d) states show only the majority spin
components on all panels (the minority spin components correspond to unoccupied states).
to describe accurately the formation energies and ener-
getics in general [58], and which thus are expected to be
of crucial importance for calculations of XANES spec-
tra. Therefore, further applications of the novel XANES
method based on DFT+U+V are envisaged to clarify
further the impact of inter-site interactions on XANES
spectra of complex TM compounds.
The data used to produce the results of this work are
available on the Materials Cloud Archive [85].
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Appendix A: Projected density of occupied states
Figure 3 shows the PDOS for occupied states of LFO
and LFNO computed at three levels of theory: DFT,
DFT+U , and DFT+U+V . Overall it can be seen that
the inclusion of Hubbard corrections changes dramati-
cally the shape of the PDOS. In particular, Fe(3d) ma-
jority spin states are very delocalized in standard DFT,
while they become very localized at the level of DFT+U
and DFT+U+V and the corresponding peaks in the
PDOS are sharp and are shifted to lower energies. Con-
sequently, the shape of the O(2p) states is also changed
largely in both LFO and LFNO. The PDOS for Ni(3d)
majority spin states of LFNO are also changed signifi-
cantly due to a better description of their localized na-
ture in the Hubbard-corrected DFT, and the correspond-
ing peaks in the PDOS are also shifted to lower energies.
For both materials, the difference between DFT+U and
DFT+U+V results is quite small but noticeable: the po-
sitions of peaks for Fe(3d) and Ni(3d) states vary by a
fraction of eV. We are not aware of any high-resolution
photoemission data for LFO and LFNO in the extended
energy range, thus we cannot make any conclusions about
the accuracy of DFT+U and DFT+U+V predictions for
the valence states in these materials.
Finally, as was also observed experimentally [29], the
introduction of Ni in LFO does not affect markedly the
oxidation state of oxygen. Lo¨wdin charges of the oxygen
atoms are only 0.1 electrons/atom different upon adding
Ni with respect to the LFO case (DFT), with this differ-
ence decreasing to 0.03 electrons/atom for DFT+U and
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FIG. 4. Projected density of empty states computed using DFT, DFT+U , and DFT+U+V for (a) LaFeO3, and
(b) LaFe0.75Ni0.25O3, using Hubbard parameters listed in Table IV. The zero of energy corresponds to the valence band
maximum (or Fermi energy in the case of LaFe0.75Ni0.25O3 at the DFT level of theory, which comes out to be metallic). The
PDOSs for O(2p) and Ni(3d) states were multiplied by a factor of 5 for easier comparison with other PDOS components; the
PDOSs for Fe(3d) and Ni(3d) states show only the minority spin components on all panels since the majority spin components
correspond to fully occupied states. Comparison between the experimental and theoretical oxygen K-edge XANES spectra of
(c) LaFeO3, and (d) LaFe0.75Ni0.25O3. The energy scales for the experimental spectra of LFO and LFNO are aligned (by a
rigid shift) in order to facilitate the comparison. PDOS and XANES spectra are shifted vertically for clarity.
DFT+U+V .
Appendix B: Effect of neglecting Hubbard U on
La(4f) states
In this appendix we discuss the effect of disregarding
the Hubbard U correction for La(4f) states in LFO and
LFNO, i.e., these states are treated at the standard DFT
level with the GGA functional.
First of all, we recomputed the Hubbard parameters for
LFO and LFNO using the method described in Sec. II A,
within both DFT+U and DFT+U+V approaches. The
results are shown in Table IV. By comparing this table
with Table I, we can see that the changes in values of U
and V are extremely small. This finding demonstrates
that the contribution of La(4f) states to the screening of
electronic interactions is negligible. This is not surpris-
ing since La(4f) states are empty. Using the Hubbard
parameters listed in Table IV, we recomputed the PDOS
and XANES spectra for LFO and LFNO, and the results
are shown in Fig. 4.
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LaFeO3 LaFe0.75Ni0.25O3
UFe(3d) VFe(3d)−O(2p) UFe(3d) UNi(3d) VFe(3d)−O(2p) VNi(3d)−O(2p)
DFT+U 5.17 – 5.28/5.36 7.23 – –
DFT+U+V 5.54 0.76–0.79 5.75/5.84 7.66 0.64–1.01 0.68–0.99
TABLE IV. Self-consistent Hubbard parameters (in eV) for LaFeO3 and LaFe0.75Ni0.25O3 computed using DFPT [56, 72] when
using pseudopotentials from the Pslibrary 0.3.1 and 1.0.0 [81, 82]. In the case of LaFe0.75Ni0.25O3 there are two inequivalent
Fe sites, thus two values of U for Fe(3d) are specified. For both materials, the inter-site V is specified as a range of values,
because there are various inequivalent pairs of neighbors.
As can be seen in Fig. 4 (a), at the DFT+U and
DFT+U+V levels of theory, the position of the La(4f)
states is incorrect because these states are treated us-
ing GGA. Similarly to the standard DFT [see Fig. 4 (a),
top panel] the La(4f) states overlap very little with the
La(5d) states; instead, La(4f) states are located very
close to the Fe(3d) minority spin states. As a conse-
quence, by looking at the O K-edge XANES spectra of
LFO in Fig. 4 (c) we can see that a spurious peak just
above the peak 2 (i.e., around 531-532 eV) is present
even at the DFT+U and DFT+U+V levels of theory, in
contradiction to experimental findings.
In the case of LFNO, the effect of La(4f) states treated
at the GGA level is similar to that of the case of LFO.
More specifically, as can be seen in Fig. 4 (b), at the
DFT+U and DFT+U+V levels of theory, La(4f) states
overlap very little with La(5d) states, and instead they
appear in the energy interval where Fe(3d) minority spin
states are located. This creates difficulties for the inter-
pretation of peaks in the XANES in Fig. 4 (d). Indeed,
it seems that the peak 2 is in quite good agreement with
the experimental peak 2. However, the origin of this peak
has nothing to do with the hybridization between O(2p)
and La(4f) states at the energy of peak 2, as discussed
in Sec. III B 2.
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